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APPLICATION OF HIGH PRESSURES TO CERAMICS

ABSTRACT

The use of pressure, an important vari-
able {n the study and especially the proces-
sing of ceramics, 1is first briefly reviewed
showing thar wmost pressures used are well
below the high pressure range. Three areas of
high pressure studies of ceramics that can be
important in understanding ceramic behavior
and can also be useful in specialized ceramic
processing are then briefly outlined: coapac-
tion of powder or porous bodies, phase conver-
sion (often with consolidaetion), and plastic
deformation. Formation and consolidation of
diamond and cubic BN are oanly briefly noted
since they are extensively addressed else-
where. It is shown that powder outgassing can
be an important problem for some of these
processes. Particular attention is given to
impact or shock treatment, especially compac-
rion of powders, and to hot extrusion of
ceramics, including conventional as well as
hydrostatic extrusion. Next, possible future
application of high pressure to processing of
ceramics 1is addressed. Explosive compactiocn
of ceresaics, especially of certaln tougher
ceramic composites vherein a synergism may be
effective is suggested. Then the past and
potential application of high pressure in
mechanically working and shaping ceramics is
discussed, again in part focused on processing
tougher ceramic composites.

HIGH PRESSURES are applied to ceramics for a
variety of reasons, which include phase
transformation, deformation, or coansolida-
tion. Much of this is done for scilentific
purposes, but there is some existing, prac-
tical utilizaction, and potential for more,
primarily in processing ceramics. The results
of high pressure studies of ceramice and
related materials, e¢.g. minerals, are exten~-
sively discussed and revieved in the litera-
ture. Much less discussion snd review of high
pressure for processing of ceramics has been
presencted, except for processing of C and
BN. The purpose of this paper is, thue, to
discuss the application of high pressures to
ceramic processing. In order to properly set
the stage for this, it will be useful to
briefly review the use of pressure in ceramic
processing, as well as some aspects of high
pressure studies of cersmice. However, before
doing this, I will first define ceramics and
discuss some of the potential growth in
their application that can be an i{mportant
sotivation to use high pressures.

The term, Ceramic, as used in this paper
msesns any inorganic, noo-matslltc solid,
a9 bdroadly aeccepted by ceramists, government
agencies, and mamy others ia the materiasls
field. I find it useful to nots this defini-~
tion since 1 have found some other scientists
often have & much sore proscribed, but less
clest ides of what cersaice are. Thus,

Manuscript submitted August 18, 1981.

ceramics are one leg of s triad of base
materials that can be used by themselves or
as constituents of coaposites An {mportant
zamification of this definition, and hence of
the scope of this talk, is that single cry-
stals, as vell as polycrystals, and glasses,
or mixtures of these, that meet this defini-
tion will all be cerawics. Thus, both
single - and poly - crystals of materials
such as Al 03, siC, T1B,, BN, C, (diamond
aand graphiti) etc., @ore eramics. The laz-
ter twvo materials, BN and C, sre of course
tvo of the most ifmportant materials to which
high pressures are applied for processing.
* The wmany wunique properties of ceramics
such as the wide ranges of thermal snd elec-
trical conductivities (e.g. superconducting
to outstanding dielectrics), hardness, and
melting tempevratures are important driving
forces for significant application of ceram-
ics. The impact that successful use of
ceramics can heave has greatly increased as
shown by potentfal use 1in the energy field.
This includes key matertals for coal gasifi~-
cation and liquification, transport membranes
such as 2r0, in fuel cells and oxygen sen-
sors, and -Alzo for high energy batteries.
However, of evea g}.lttr impact are the enargy
savings that successful use of ceramics 1n
heat exchangers and heat engines can have.
For exaaple, high temperature components such
as turbine vanes and blades, and diesel engine
piston caps and cylinder liners are the key to
efficiency improvements of 30-502, often with
other important potential benefits such as
greater reliability, 1life, and large savings
of scarce elesments, and possibly of cost.
The pacing issue {n these as wvell as amost
other high technology ceramic applications is
aechanical reliabiltty, which depends cri-
tically on processing. As will be shown
later, there may be important opportuanities
for high pressure processing to significaatly
isprove mechanical reliabtility, espeacially as
s result of recent coucepts and developuments.

OUTLINE OF THE DEMONSTRATED USE OF PRESSURE
WITHE CERAMICS

CONVENTIONAL PRESSURES FOR PROCESSING -~
Pressure is a basic variable ia both che
procassing of ceramics and the understanding
of their Ddehavior. Counsider first, couven-
cional processing (primarily Secticm A of
Table 1), which is only briefly outlined siace
this 1is extensively treated elsevhere, e.g.
vefs., (l=4)®., Ceramics are predominately made
by consolidation of powders, most cosmonly by
sechanical pressure. The most exteunsively
used process is to consolidate powders at rooa
temperature wvwith pressure (called cold pres-

e ———————
#Numbers 1in pareatheses designate References
at end of paper.
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sitng). The pressed powder part (called a
green body) is then heated for sintering,
{.e. bonding and furthker consolidatton driven
by reduction of solid surface area, e.g. by
surface and bulk diffusion. Most cold pres-
sing is done by uniaxial pressures in steel
dies, but 1isostatic pressing using fluid
pressure on powder in a rubber or plasttic
container is an important and growing method.
A more limited, but growing approach to
processing by powder consolidation 1s to
combine pressing and heating. Combined
uniaxial pressing and heating called hot
pressing, and similarly use of gas pressure on
a powder in suitabls aetal or glass snvelopes
or on sintered parts with only closed porosity
called hot {sostatic pressing (or EIPing) are
also revievwed elsevhere (5-8). As ncoted in
Table 1, fluid pressures may also be used {n
crystal growth, siotering, or annealing
processes. Howvever, these are more special-
iz2ed, and are not addressed further hers.

min 1). called press forging, and hot extru=-
sion, often at rates similar to those for
metals. While consolidation of powders by
pressure used for deformation (s possible and
has some promfse, the focus has beea ona
deformatton of bodies that vere already solid
to begian with. In fact, a subscantial
amount of interest has been on starting with
single crystals to recrystallize them into
polycrystalline bodies. This 1is done to have
the advantage of the purity and absence of
porosity in the crystal carried over to a
polycrystalline body with its advantages, such
as improved mechanical strength due to grain
size effects. Extrusion has been feasible at
cooventional pressures only for soft, lower
melting materisls such as the alkali halides.
On the other hand, press forging has been
accomplished on a number of materisls, includ-
ing some very refractory ceramics, such as
MgoO, Zroz. MgAl,O0,,and TiC, using quite
high :cup.r‘turcz sith conventional pres-

Table 1 - Typical Applications of Pressure in Processing of Ceramics

PROCESS

Common Pressurs Ranges

A) Consolidation of Powders
1) Extrusion
2) Die Pressing
3) Isostatic Pressiag
B) Overpressures for Sintering,
Annealing, and Crystal Growth

»

C) Bigh Temperature Densification

1) Hot Pressing

2) Hot Isostatic Pressing
D) Hot Working

1) Press Forging

2) Hot Extrusion

(1000 psi) (kb)
5-10 0.3-0.7
10-20 0.6-1.3
20-50 1.3-3.4
0.1,5* 0-10=-2+
3-6 0.2-0.4
10-50 0.6-3.4
3-12 0.2-0.8
100-240 7-16

*Does not include special processing such as hydrothermal growth;
an important, but specialized, process not treated in this paper.

The established uses of the above proces-
ses attest to their differing degrees of
practicality that can yield a variety of very
useful ceramics. However, there is substan-
tial room for improvesent, especially for
demanding high technology applicacions. Use
of higher pressures can in principle be one of
the greatest improvements. These can give
higher green densities which in tura can give
higher final densities, or & lowering of
sinteriag temperatures. Higher densities can
improve mechanical properties, as can lowering
temperstures Lf grain (cryscallite) eizes are
adequately reduced. Bigh pressures and
resultant densities may be particularly
critical to sintering ceramic-ceramic compos-
ites thact will be discussed later. However,
die wall friction, sand inhosogeneities can
lead to wmany self limiting problems im cold
pressing. Costs can be a critical {issue in
hot pressing or HIPing and, as vwill be illus-
trated later, adequate outgsssing of powders
can also becowe an important limitacion.

The asbove processes do not result from
any significant plastic flow. Application of
processing wethods cthat depend ou extensive
plastic flov within ceramics (as opposed to
Clov by relative motion of particles) have
bsea quite limited, but show promise lor
turther growth. Thase processes, which are
revieved {n more dectcil elsevhere (8-10), are
primarily cospressive deformation, usually a
modest rates (e.g. strain races of 2x10~

sures* of a few thousand psi (8-10), including
siample shaping (1l1).

HIGH PRESSURE CONVERSION OR CONSOLIDA-
TION OF CERAMIC POWDERS - The most extensive
application of high pressures to ceramics
is of course the making of diamoand and cubic
BN powder materials by pressure counversion
from their hexagonal forw. Also of growing
applicacion is the consolidation of polycrys-
talline compacts of these materials. While
these are extremely important and interesting
applications, they will not be revieved here
because of exteusive attention to these topics
elsevhere in this volume and in many other
publicactions. :

A fev fine (e.§.30-50 am dia) ceramic
povders have been consolidated to near theor-
etical densities at high pressures (8,12).

#Prese forging is feasible at auch lover pres-
sures than extrusion since there is normally
0o latteral coanstraint oa the bodies’ flow
in contrasst to the high latteral coastraint
of extrusion, further, the lower pressures
of press forging can often be met by ceraamic,
especially graphite tooling, alloving use
of hot tooling, and hence slow deformation
rates and, thus keeping pressures low. This
is 1in contrast to the high streagth tooling
for extrusion and velated high deformation
rates and heance higher pressures needed to
ksep that strength.
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These include Al 0. with 100-400 kb at 22°C
and Mgo with 70 Kb at 22°C (8,12) or with
17 kb at 800-1000 C (8,13 (in contrast to
temperatures of 1300-1500 C needed in con-
ventional hot pressing). However, besides
being confined to quite small samples, the
resultant properties were quite poor. This
is attributed to hydroxide, carbonate, and
related 1impurities trapped in the bodies
(8,14) resulting from the: 1) high active
surface area of the fine powders that are
more amenable to obtaining high densities;
2) lower temperatures of consolidation pro-
viding less driving force to remove the
gases; and 3) possible pressure stabilization
of the hydroxides, etc. Such problems 1llus-
trate a potential paradox of high pressure
powder consolidation, namely that the use of
fine powders for easier consolidation appears
to be self-limiting due to greater surface
contamination of such powders. Obviously,
the nature and severity of this problem
varies with the chemistry of the powder,
but this is a serious problem for many import-
ant materlals.

Limited studies of consolidation of SiC
and S1_N powders have been carried out
at high” pressures (15-17). These materials
do not sinter under normal conditions without
the presence of sufficient quantitites of
additives or {impurities, usually oxides.
However, they will densify under high pres-
sure at high temperatures, though much of
this 18 by crushing. Thus, for example,
Nadeau (15) reported reaching > 90X of
theoretical density with 30 kb pressure at
22°C and 98% at 1500°C, but that interpar-
ticle bonding did not occur below 1500°c.
The very restricted specimen size and very
high cost put such pressing out of the realm
of practical process, but it has been very
useful to give greater insight into the
sintering of these materials.

Consolidation of ceramic powders by
high rate impact or shock methods has been of
interest to overcome some of the limitations
of static high pressure consolidation of
ceramic powders and possibly open new oppor-
tunities of processing. About 20 years ago,
there was considerable activity 1o applying
these techniques to ceramics resulting in at
least 20 different ceramic materials beting
investigated, but usually on a cursory level
(5-7,18,19). While a fair amount of earlier
work was done on explosive compaction, much of
the work was done using a pneumatig driven
impacting device called a Dynapak. There
was some efforts to use the Dynapak device to
forge bulk pieces of glass heated to about
600°C Qﬂd impacted in dies preheated to
200-250"C, but these initial efforts were
dropped due to shattering of the glass (18).
Most work was, instead, on consolidation of
povders contained in metal cans. Significant
improvement in densities over those achieved
by normal cold pressing were obtained by
"Dynapaking" at roos tesmperature, but serious
cracking and even extensive shattering wvere

.Thln device, developed by General Dynamics
Corp., uses an expanding gas to drive a
piston and ram assembly to velocities of
the order of 10 meters/second apparently
giving pressures from about 30 kb to over
100 kb.

pervasive problems. Therefore, much of
the work was focused on compaction at elevated
temperatures 1in order to possibly eliminate
the cracking or shattering and also in many
cases to further improve consolidation and/or
bonding between the particulates. While
substantial progress was made in reducing
cracking, 1t was generally not eliminated
(5~7,18,19), Fig. 1. For example, even
impacting LiF pellets in stainless steel capns
after heating and outgassing at 650-750C
did not totally eliminate cracks though the
resultant compacts were reported as being
promising (18).

One of the most extensive investigations
of "Dynapaking" of ceramic powders was for the
development of dense agglomerates of UL by
itself or with other oxides for nuclear uel
purposes (20-25). Thus, sufficient material
was compacted for fuel core loadings of at
least two reactors. The loading for one of
the (test) reactors used fused UO grain
that was ground to approximately -160 mesh
and then mixed with limited quantities of fine
U0, powder that had been oxidized to U 08 in
or%er to give a material with a net gxygen
excess since this was found to give better
plasticity at elevated temperatures. The
material was then "Dynapaked" 1in 310 stain-
less steel cans. (These cans were used
since they gave less oxygen loss of the UO
powder than other steel such as 304 at t%e
outgassing conditions used, typically 1100°C
for approximately one hour, prior to "Dynapak-
ing”.) The resultant "Dynapaked"” UO,, al-
though extensively cracked, was 97-99%" dense
in between the cracks (Fig. 1). In this

B

Fig. 1 - Dynapaked UO, fuel. A) Dynapaked
billet of over 7 kg with the metal can re-
moved. B) A sectioned billet revealing the
extensive cracking that typically occurred in
this operation. Note that the cracks do not
show up on the surface of billet A) but would
be found inside as in B). Billets compacted at
1100°C. Photos courtesy of D.W.Brice, Bat-
telle Pacific Northwest Lab.
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case, the cracks were not of concern since the
material was then crushed and sieved to obtatn
controlled sizes of dense particles for subse-
quent vibratory compaction in metal tubes,
giving a final net density of 85-88% for the
uo for use as fuel rods. While such pro-
ceSses were successfully developed, ceram-
ics for reactor fuel rods are instead consoli-
dated by conventional means.

Interest in, and {nvestigation of,
Dynapak conscolidation of ceramics appears to
have died out. Though possibly reduced
for a white, there clearly is current inter-
est in explosive compaction and other proces-
sing of ceramics. 0f course, the most sig-
nificant application of this is the conver-
ston of BN and especially € from thedir
hexagonal to their cubic structures for abra-
sives. Again, as noted earlier, these devel-
opments will not be reviewed here because of
their extensive treatment in this volume and
elsehwere. However, there’s also been a
renewed {nterest 1in explosive compaction of
several ceramic materials in the last few
years, as well as some use of compaction by
impacting canned powders using light gas guns
(primarily as a more easily controlled labora-
tory tool to understand explosive compaction).

Cracking 1is a basic problem in explosive
compaction of ceramic powders, as in "Dyna-
paking."” Various techniques are being explored
to prevent or minimize reflected shock waves
which are the cause of subsequent and result-
ant cracking, 1including compaction at higher
temperatures. Although Al,0. powder has been
reported to s:il% crack "after, being shock
compacted at 675 C, a S1A1ON powder has
been cowpacted to near theoretical density and
crack free in a Mo tube at about 1150°C (26),
Fig. 2. in this particular case, the Mo tube
was to be an integral part of the final
component, but the S1Al10N did not bond the
Mo tube. However, post compaction bonding
was readily accomplished by HIPing the com-
ponent after explosive compaction (26).

Other materials that are currently being
investigated by explosive compaction include
metallic glasses, B, Si "4' and AlN. The
latter has been exploslvefy compacted at room
temperature to greater than 922 of theoretical
density (27). Although most explosive compac-
tion experiments are on relatively small
samples, there are verbal reports of Russian
claims of having explosively compacted ALN to
high densities and good quality in sizes up to
1 meter in diameter and 1 meter in length.
Although these sizes are unconfirmed and may
be exaggerated, there does seem to be general
consensus that one of the potentfal advantages
of explosive compaction are the substantial
sizes that might be wmade, with the meter
length being accepted a8 a more probable
achievement. Diameters might be more limited,
e.g. to 15-30 cm, especitally where heating tis
required. Both the explosive compaction of tf-
tanium billets weighting as much as 12 kg and
industrial explosive processing using up to
almost 5000 kg of explosives per shot in in-
dustrial making of diamonds suggest that siz-
able bodies can be made (26).

While much of the work on explosive
treatument of ceramic powder has been for
direct consolidation itself as discussed

*S{AION is an acronym which 1s in current use
to describe oxynitrides of silicon and alumi-
num and related materials.

w10 mm
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Fig. 2 - Explosively compacted SiAlON in Mo
tube. A) and B) are respectively low and high
magnifications showing the crack free S1iAlON
(dark matertal) and the good bonding to the
inner and outer Mo tubes (light matertial).
The Mo~-S1A10N bonding was achieved by HIPing
after explosive compaction. Photos courtesy
of V. Linse of Battelle, Columbus.

above, the effect of explosive shock waves on
subsequent processing of ceramic powders has
also been investigated. Fragmentation and
other effects leading to some i{mprovement {n
densities in conventional cold pressing of
previously shocked powder (28). It has also
been reported that explosive shocking can
improve the sinterability of powders (28,29).
Here much of the eifect is often attributed to
the significant number of dislocations and
other defects introduced into the structure of
the material during explosive shocking leading
to enhanced diffusion and wmaterial transport
during subsequent sintering.

While much remains to be learned about
explosive compaction, sufficient work has been
done to outline basic requirements in terms of
starting powder compacts. Thus, in general,
intermediate green densities and intermediate
particle sizes are desired. Starting densi-
ties of about 60X, often preferably obtained
by isopressing, are desired. Lower densities
lead to a variety of problems such as too much
container wall movement, more cracking,
greater shock dissipation, etc. Higher den-

sities limit bonding achieved in a powder
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compact. Much of this bonding 1is believed to
be due to frictional heating, buc other mech-
anisms 3uch as explosive welding can also
contribute, Clearly, frictional effects would
be reduced in too dense a starting compact.
Particle sizes of the ovrder of 200 mesh are
often desired. Finer particle sizes generally
give too much surface area and lower starting
densities. The former would again be coasist=-
ent with friccional effects being imporrant
since fricction would now be spread over too
large an area to give adequate heating. Par-~
ticles wmuch larger chan this size typically
result in large pores which are motre difficule
to eliminace. Less is known about particle
shape, except that spherical particles are
generally undesirable.

HIGH PRESSURE DEFORMATION AND EXTRUSION
QF CERAMICS - High pressures are required for
deformation of refractory ceramics over all
but the highest temperature range of behavi-
or. Thus, for example, while highly local-
ized, pressures under a hardness indenter
reach gquicte high values, e.8. over 100 kb.
Although crushing and cracking can be factors
in the formation of hardness {adents 1in
ceramics at room oOr lower temperatures, most
commonly the primary factor 4is localized
plastic flow. In facc, hardness generally
appears to be a reasonable estimate of the
yield stress of ceramics as for metals (30).

Similarly, the measurement of the com-
pressive strengths of dense strong ceramics at
all but the highest temperatures require quite
substantial pressures, e.g. 30 kb. While much
of thetr failuie under compressive loading is
due to brittle fracture, ceramics appear, in
fact, to have their compressive streangths
limited by local plastic flow (30). Furcher,
the superposition of hydrostatic pressure and
uniaxial compressive loadiang can reduce or
eliminate the gross fracture and other non-
plastic processes such that the bulk yield
stresses of ceramic materials can be achieved,
2s shown, for example, by the pioneering work
of Bridgeman (31) and a substantial number of
recent studies, e.g. refs. 32-37. These, as
will be discussed later, suggest possibilities
for plastic working of ceramic materials.

Another area where high pressures have
been used for deformation of ceramics is {in
their hor extrusion, (Table 1). While wmost
of this has been by more conventional tach-
aiques which will be discussed immediatvely
below, feasibilicy of extrusion by hydro-
static techaniques has been demonstrated snd
will be discussed second. Conventional hot
extrusion of ceramics has been discussed
extensively elsewhere (8,9,38) and hence
vill be only briefly raviewed here. Ceramic
extrusion has typically been done wich iandus-
trial preseaes used for counventional extrusion
of mecals. The mectal tooling of such presses,
usually used at area reduction ractios of abouc
9 to 1, cannot take high temperatures. Thus,
tapid loading of the heated billet in the
press and rapid extrusion are necessary to
ainimize heat transfer into cthe metal tooling
of the press snd out of cthe billet, {.e.
extrusion ram travel rates of the order of
5-25 cm/sec. The typical procedure has been to
can the ceramic billets in a thick wall metal
can, e.g. having about twice the dismeter of
the ceramic billets. Although the can {is
typically an expendable itea, it may in some
cases be an integral part of the end compo-

nent, a8 in sonme complex geometries of ylass-
steel bodies that have been extruded (8,9).

Most extrusion has been of crystalline
macerial, especially in polycrystalline form.
Alchough not -8 easy,and hence not as highly
developed as extrusion of glasses, sone
extrusion of other cthan simple circular
cylinders of refractory ceramics has been
achieved (8,9). In general, success has been
restricted to cubfc matertfals that exhibit
considerable plastic deformation well below
thelr melting temperatures, e.g. mate-
rials such as Ca0, Mgo, NbC, and Tic. At
least some of these cubic wmaterials, e.g.
Mg0, show distinct textures, i.e. preferred
orientations as a resulc of extrusion. Such
textures can be quite important for special-~
lized applications. Pure, noncubic materials
such as Al1,0 and cubic materials such as
MgAl, 0 vhgce show much more limited plas-
ticify at high temperatures have not been
successfully extruded even 4aC temperactuces
quite close to their melting point. While
these materials might be extrudable at wmuch
lower rates, were tooling to allow this, it
has not been practical. The high tempera-
tures, usually at least 60%, and more commonly
802 of the absolute wmelting temperature,
required for the cubic materials successfully
extrtuded has typlcally resulted 1in theirt
structures being mostly if noct totally recrys-
tallized on extrusion and fairly large grain
sizes, e.g. > 50 gum. Wnile it has been
demonstrated thac ﬁ*:ders can be consolidaced
during the extrusion process, this complicates
the extrusion, and reduces the volume per
extrusion. It also can compromise cthe
quality of the resultant extrusion, due for
example, to some residual porosity and limited
grain boundary bonding due to outgassing
limitations.

Extrusion of wmetals using hydrostatic
pressure frowm a fluid has long been recognized
as advantageous for obraining greater duc-
tility, lower extrusion temperatures, etc.
Similarly, extrusion from one hydrostatic
medlum into a second hydroscatic medium at
lower pressure, i.e. fluid to fluid extrusion,
can inhibic cracking and other degradation of
extruded materials, making such fluid to fluid
extrusion potentially applicable to cthe most
{ntractable materials. Application of hydro~
static extrusion or fluid to fluid extruston
of ceramics would of course require fluids and
temperatures well beyond those of the hydraul-
ic fluid used 1a hydrostatic extrusion of
metals. However, such extrusion should
allow a wider range of ceramics to be extrud-
ed, or to be done at lower Ctemperatures,
making 1t more practical and give Llmportant
results such as amuch finer grain size.

Two techniques were investigated by the
suthor and colleagues (8,9,38) for high
temperature hydrostatic extrusijion or fluid to
fluid extrusion of ceramics. Both iavolved
salts as fluids and both generally ucilized
metal containers. In the first approach,
solid billets were placed {n cans with a salt
that would be heated above 1its melting tem-
perature and extruded while che salt was
molten.w Various prodlems arisiag from
maintaining adequate seals aad properly

*This approach was spearheaded by Gerald
Freidman, then of Nuclear Metals Corp. of
Concord, Mass. working with the author on a
NASA contract.
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allowing for the expansion and outgassing of
the salt on melting were not fully resolved.
However, use of steel billets at lower tem-
peratures showed that such a system could be
utilized for extrustion (Fig. 3). This was
followed by a successful extrusion of Mo using
molten NaCl at 1100°C.

Fig. 3 - Partial extrusion of steel billet
with a molten salt (heat treating salt melting
at f\ISOOOC). This figure clearly shows that
the billet and the can are co-extruding, but
excluding the molten salt from the extruded
product as desired. Note also the large
asymmetrical shrinkage void from solidifica-
tion of salt illustrating problems that can
occur in obtaining adequate can-£f111 4if the
salt starts solidifying before the extrusion
is completed.

The second approach to hydrostatic
extrusion of ceramics was to use salts in
their solid state, depending upon their much
greater ductility than the billet being
extruded to make them appear as a '"quasi-
fluid". A similar extrusion of steel
was repeated, again using solid NaCl as the
"fluid" at 700-800°. However, the steel was
also extruded into salid NaCl at A~ 480°C.
This extrusion was also successful, indicat-
ing feasibility of fluid to fluid extrusion
using solid salts. Next, a Mo billet was
successfully extruded using solid CaF, (at
1175°C) as the "fluid", but an extusion of a
Mo alloy billet falled, apparently due
to too low a temperature.

To begin experiments on ceramics, marble
(CaC0,) was used. While crack-free extru-
sions "of marble had been obtained by conven-
tional extrusion in thick walled cans, similar
extrusions with thin walled cans had resulted
in cracked bodies (unpublished work of James
Hunt, see Fig.4A). Extrusion of marble ia a
thin wall steel can using solid NaCl as a
"quasi fluid"” was successful, giving an
uncracked billet (Fig. 4B) further demon-
strating the potentisal of using soclid salts
for hydrostatic extrusion. Next, two prelim-
inary attempts of extruding Ca0 billets using
CaF, as a '"quasi fluid" (at temperatures of
app%o:inltely 1200 #* 50°C vere made. Con~-
siderable intrusion of the CAP2 into cracks,

some of which may have been along separated
grain boundaries in the Ca0 occurred suggest-
ing the possible use of a thin wall metal
sheet around the ceramic. Although Cao
extrusions were not fully successful they
further indicated potential success of this
solid "quasi-fluid" approach (ploneered on the
same NASA program noted earlier by James Hunt
who was also a key person in developing much
of the conventional ceramic extrusion dis-
cussed above).

Although the above work was not carried
further because program funds were exhausted,
it did show considerable possibilicty of
successful high temperature hydrostatic
extrusion of ceramics, as well as the possi-
bility of fluid to fluid extrusion. Using
actual molten salts contained in a metal can
showed promise, but presented a number of
difficulties assoclated with waintalning
adequate fill of the can and adequate sealing
due to large volume changes on wmelting and
solidification, outgassing, etc. The solid
"quasi fluid,” approach also appeared tc be
quite promising and, in fact, may be poten-
tially the better of the two. Use of solid
salts may limit extrusion temperatures, since
it may not be practical to accommodate first
heating of the salt above its melting point
and then letting 1t solidify in order to
extrude close to the salts melting point.
However, Jim Hunt’s suggestion to use glasses
as the fluid would appear to be particularly
promising, especially based on some of his
other experiments with the extrusion of
glasses. Thus, while substantial work remains
to be done, it does appear that it would be
feasible to carry out hydrostatic extrusion of
ceramics and that this may well be feasible at
peveral hundred degrees centigrade less than
the temperatures required for conventional
extrusion, e.g. excruﬁ}an temperatures as low
as the order of 1500 C may be possible for
Ca0 instead of temperatures of approximately
2000°c.

FUTURE DEVELOPMENT OF HIGH PRESSURE APPLICA-
TION TO CERAMICS

Predicting where development could or
should go in a technological area that is
only partially understood and explored is at
best an uncertain process. However, it 1is
worthwhile to consider some of the possibili-
ties for future application of high pressure
to ceramics, besides growth of diamond and
cubic BN production. To do this, let us first
consider non-explosive application of high
pressures to ceramics. Although 1t is possi-
ble that significant development of techniques
or new needs will arise which could signifi-
cantly change the present limitations of
non-explosive methods of dynamic compaction
such 88 the Dynapak, these are not expected to
receive significant emphasis. A basic reason
for this is that explosive compaction should
be able to do most, if not all, of the tasks
that mechanical wmachines could, and possibly
more, as well as do these probably at signifi-
cantly less cost and in larger and more
versatile sizes and shapes. Thus, the use of
machanical methods of dynamic compaction 1is
expected to be more as a development tool,
e.g. such as the present use of light gas
guns.

In order to better address the fissue of
possible future development of explosive
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Fig. 4 - Comparison of conventional and hydrostatic extrusions of marble. As noted iIn the
text, crack free extrusions of marble can be obtained using thick walled metal cans. How~-
ever, as shown 1in A), 1f marble 1is extruded by conventional
can, substanial cracking occurs as seen on the outside surface of the extrusion,
in the longitudinal cross-section (middle),

solid NaCl at 730°C as a "fluid."

compaction of ceramic powders, it 1is useful
to break the applications down into three
broad categories. The first 1s treatment of
powders to enhance their subsequent proces=-
8ing; 1.e. particle size reduct’on to increase
compaction densities and generation of defects
to enhance sinterability, as noted earlier.
However, it is this author’s judgement that
unless significant new developments are
forthcoming that these applications are likely
to be fairly limited. Much finer particle
sizes and in general much greater control of
them can be achifeved by chemical means rather
than by communition with explosives. It 1is
not clear how well defects enhance sinter-
ability over a broad range of materials and
conditions, e.g. there is a very fundamental
question of whether or not much or all of the
defect population 1introduced by explosive
shock 1s annealed out of the powder particles
long before sintering 1s completed. This
would limit effects on later stages of sinter-
ing, which are generally critical to achieving
high densities required for many technological
applications. Also, one must again look at
alternate routes, especially use of fine
chemically produced powders which, in general,
can give greater {mprovements {in sinter-
abiltty.,

Consider next the second possible area of
explosive shocking of powders; dynamic compac-
tion. Specialized applications requiring
dense agglomerates that can be produced
without eliminating cracking may occur similar
to that described for the U0, fuel elements
made by the mechanical dynl‘lc compaction
method described earlier. There wmay also be
some materials or developments which would
allow cracks left from dynamic compaction to
be healed, for example, by HIPing. However,
much broader application of explosive compac-
tion of powders 1s seen 1if techniques for
generally eliminating cracking due to rever-
beration stresses can be found. Certainly,
further work to explore the use of higher
temperatures to ainimize such cracking
appears highly desirable as one {important
smethod to address the c¢cracking problem.
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Besides size, one of the driving forces for
development of explosive compaction is {its
capabilities of consolidating materials at
lower temperatures. This can be particularly
important in making a composite component,
e.g. the S1AlOW~Mo component described earlier
(Fig. 2).

There may be important possibilities in
consolidation of bodies whose composite
structure is on the microstructural scale
in contrast to the macro SiAlON-Mo composite.
Thus, for example, there have been spectacular
improvements in toughness reported as a result
of incorporating high volume fractions of fine
(10J4m dia) $iC fibers in glass matrices (39-
41). Work is also underway in the author’s
laboratory to attempt to use these same or
other similar size fibers 1in more refractory
crystalline matrices. While progress is being
made in this area, this 18 clearly wore
challenging since many of the more refractory
matrices require higher processing tempera-
tures which may often be incompatible with the
temperature-mechanical limitations of the
fibers. Thus, 1f explosive compaction will
allow consolidation to, or close to, zero
porosity of such composites without serious
damage to the fibers, this could have signi-
ficant impact on the use of explosive compac-
tion. Further, there may be an important
synergistic interaction between explosive
compaction and ceramic compositces. Greatly
increased fracture toughness of the composite
body could significantly reduce, and possibly
eliminate, cracking from reverberation
stresses. Thus, explosive compsction may
provide enhanced opportunities for consoli-
dation a4t temperatures that allov a useful
composite to be made, while at the same time,
the high toughness of the resultant coaposite
inhibits cracking, allowing practical utility
of explosive compaction.

The third area of explosive compaction,
that of phase transformation, has of course
been most widely applied, since this is the
motivation in the production of diamond and
cubic BN material from their softer hexagonal
phases. Other important applications for such

techniques in a thin walled metal
as well as
but not in the tranmsverse cross-~-section (far
right). B) shows a similar, but crack free extrusion done under hydrostatic conditions using
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phase transformation effects wmay arise. One
that 18 of current and potenctially very
significant {nterest in the field of ceramics
deals with a new mechanism of tougheating,
called phase transformation toughening.
This has been observed to occur when metas-
table te:ragonal 2r0 particles are trapped
tn a4 amatrix which can be either cubic (sta-
bilized) Zro0 or some other chemically cowm=-
patible matfix such as Al,0,. Since the
transformation to the monociéglc phase (the
stable phase bdelow Ar 1100°C) requires a
volume expansion, this {s ianhibited by the
matrix except {n the vicinity of a crack
under high stress (4l1,42). Significant
energy absorption due to transformation of
particles in cthe vicinity of high crack tip
stresses provides a very i{mportaant mechanism
of tougheaing cetramics (Fig. 5). Similar

CRACK
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Fig. 5 =- Schematic illustration of phase
transformation ctougheaing 1in casramics. The
zoncept is that a dispersed array of particles
having an wunstable crysctal structure are
inhibicted from ctransforming to cheir stable
crystal structure by the matrix except in
the viciaity of the crack tip. There the
high dialational stresses sufficieatly relaxes
the matrix constraint so the parcicles
transform to theilr stable crystal struc-
ture. However, 58 che crack propagates,
transformed particles do not retransform
back to their unstable structure; hence,
tetaining subscanial stored elastic energy in
themselves and the matrix due to the signfifi-
cant alsaatch ia strains between them and the
satrix. This removes substantial asamounts
of elastic energy that would othervise bde
available for crack propagation, hence,
providing substantial toughening.
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effects are expectad from close chemical
relative of Zr0,, namely REO,. Bowever, 1its
:ranafogga:lon teaparature is 1700 C compared
toe 11007C for z:oz. Thus, while theve aay
be some application of explosive compaction
to form bodies with entrapped metastable 2rO
particulates, it may be even amore lppltcablg
to developament of such bodies with entrapped
setsstable tetragonal HfO, particulates (42).
Ia this case, high pressures would be util-
{zed to bring sbout the coaversion of the
RfO, particulates originally mixed wich par-
ticulaces of the phase to form the aacrix
as the body 1s explosively compacted, Such
transformation by pressure would thus allow
processing at temperatures belovw the high

transformation tempecature of 1700°C. pos-
sibly making such composites more practical or
superior in thetr performance.

More generally, exploesive conversion
and compaction may provide a means of signi-
ficantly expanding the compositions for witn
transformation toughening 1is operative. While
Zro2 and HfO0, are very useful, they are fairly
unusual 1in %aving denser crystal structures
for their high temperature phases. Thus, 28
discussed elsevhere (40), use of high pres-
sure, especfally explosive conversion and
consolidation may be an {mportant means of
expanding the range of transformation -
toughened composites. Since high pressuyre
typically drives a phase transformation to
denser crystal structures, such pressure
induced transformaction of particles of a
phase (A) dtispersed fa particles of another
phase (B) forming the matrix should result
in the desired composite structure. Thus,
conversion of A to 1it's deanser phase A , would
leave A’ as metastable phase particles trapped
in the matrix (B).

Again, 1t should be noted that there 1is
an important possibility of a synergism here
between composite fabrication and explosive
compaction. Thus, the compaction either
makes feasible or improves the processibilicy
of the composite while the cooposite makes
the use of explosive compaction more practic-
able by iahibiting cracking due to reverbera-
tion stresses as a result of a higher tough-
ness upon consolidatton. This wmechanism of
toughening also shows the need and utilicy of
phase studies to {dentify other ceramics
amenable to ransformation toughening, and {io
tura, use of high pressures to process then.
Finally, it should be noted that the emphasis
has been on phase ctransformation for mechani-
cal purposes. There may be iaportant oppor-
tunities for use of phase transformacion
for non-mechanical, e.g. electrical, optical,
magnetic, etc. purposes which may bear {aves-
tigation and development.

While high pressure deformation of
ceramics is apparently not curreatly being
explored as a means of processiag thea,
it still does appear to have some potential
use. The continued and growiang interest
and exploration of plastic deformatioan of
ceramics at conventional pressures attest
to thias. There are tvo types of basic goals
that have generslly been sought. The first
and probably more exteusive (s that of
obtainiang preferred crystallographic orienta-
tica to eanhance wmechanical, wmagnetic, elec-
trical, or optical performance, The secoand
area of application of conveantional deforma-
tioa of processing of ceramics has been to
recrystallize single crystals first to in-
troduce grain boundaries for enhanced mechani-
cal properties, isotropy, and to obtain wmore
versatile or practicsl shapes than can be
grown by single crystal techniques while act
the same time maintaining single crystal
quality in terms of purity asnd the absence of
porosity. Areas in which high pressure
deformation of cersamics might find soame
applicabilicy are to greatly increase the
rate of deformation, ov to significantly lower
the temperature of deformation, especially in
those ¢ es wvhere higher temperatures nmay
bring about other undesirable changes ia the
asatecrial, and to give greater shapability,
e.g. more complex shapes.

An example of possible uses of deformsa-
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tion of single crystals is the possibilicty of
plastic deformation of parttally stabilized
Zr0, crystals that have been recently devel-
opc& (40,41,43). These single crystals, grown
by the practical method of skull melcting,
have impressive strengths; 1n excess of
200,000 psi (1.4 GPa) at room temperature and
maintain strengths of A 100,000 pei (700
MPa) at temperatures to at least 1500 C.
Conventional press forging has been shown
feasidle to provide some shaping of these to
considerably increase the versatility of the
crystal shapes that can be obtained. However,
the high temperatures required st convention
pressures ocecessitate the use of graphitce
tooling which, combined with high temp.. "=
tures, significantly reduces the Zr0,. Stres-
ses resulting fros the reduction and“reoxida-~
tion present a defianite problem. If chis
problem cannot be adequately overcome by
conventional processes, then the possi-
bility of high pressure deformation of these
crystals at lower temperatures wvwith less
reduction could be an fmportant possibility to
consider.

SUMMARY AND CONCLUSIONS
Application of pressures to ceramics

including high pressures has been bdriefly
revieved and future possible applications

«considered. While the use of high pressures

are very important in studyiog the behavior of
ceramics, e.g. their phase relationships and
their deformation behavior, emphasis was
placed on their use 1ip processing since this
is likely to be the most taportant area for
future growth. The eaphasis weae thus on
povder consolidation and secondarily, on che
possibilities of plastic deformation as a
processing techniques. Both static and
dynamic consolidation of powders were briefly
revieved showing that significant problems of
outgassing cao occur. Dynamic powder compac-
tion, primarily by explosive techniques, was
judged wmost promising. Explosive counsolida-
tion of composite bodies, such as fiber
composites or use of shock transformation of a
purposely incorporated second phase for
trsnsforaation toughening, was cited as a
possible {important area due in part to a
suggested synergism betveen the composites and
explosive consolidation.

Application of more conventional type
hot extrusior to ceramic materials was re-
vieved shoving it was feseible with thick
vall wmetal cans at quite high pressures and
temperatures. Purther, experiments suggesting
the possibility of hydroststic, and possibly
even fluid-to-~fluid, extrusion of ceramics at
temperatures much higher than those achiev-
able with conventional hydraulic fluids wvere
revieved. While use of molten sslts showed
some promise, usa of solid salts or glasses as
fluids was felt to be more promising. 1t
such techniques cson be further developed to
achieve extensive plastic flow at tempera-
tures seignificantly belov that required for
the conventionsl deforsation, e.g. extrusion
of Cg0 snd MgO at temperatures of 2000 and
2200°C, they could find important spplica-
tion. Application of hydrostatic deformation
to partially setabtilized Z2rO crystals wvas
suggested as & poessible t-por:}nt applicaction.

Clearly the future direction of high
pressure application to processing of ceram-
ics vill continue to depeand on the ingenuity

to recognize the special combination of
circumstances of expected or known wmaterial
behavior and fits potential for meeting par-
ticular needs, often times of a high spe-
cialized nature.
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